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Abstract 
The Zoige wetland, located in the eastern edge of Qinghai-Tibet Plateau, is highly sensitive to global climate change 
for its high elevation and cold environment. As one of the major components in the hydrological cycle, 
evapotranspiration (ET) affects regional water balance and ecosystems in alpine wetlands. To identify the impact of 
the changes of wetland eco-environment on ET, and to indicate the relation between the real ET and the potential ET, 
a comparative study on the hourly real ET measured by weighting lysimeters and the hourly potential ET, calculated 
by the FAO Penman-Monteith equation, has been carried out at three blocks with different surface water levels 
during three vegetation growth stages in the Zoige wetland. Results show that the hourly potential ET is generally 
higher than the real ET during the studied period. The hourly ET changed with the variation of the vegetation growth 
stage, the water level and vegetation characteristics. The hourly potential ET is the largest in the peak growth stage, 
and the least during the last growth stage for each water level. The real ET is the least at the highest water level for all 
growth stages. The results suggest that future wetlands management strategies should emphasize the protection of a 
reasonable vegetation pattern and the basic water demands of ecosystems for improving the wetland ecosystem health 
in the Zoige wetland. 
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1. Introduction 
Evapotranspiration (ET) is a physical process in which water passes from liquid to gaseous state while 
moving from the land surface and vegetation to the atmosphere. It refers to evaporation from soil and 
vegetation and transpiration from plants [1]. Evapotranspiration is one of the major components in the 
hydrological cycle and an important factor that affects regional water balance and ecosystems [2]. Its 
reliable estimation is essential to water resource planning and management [1]. In climatology, 
agriculture, and above all in hydrology, the comparison between the real ET and the potential ET in the 
same regions may quantify the climatic water deficit and analyze the aridity of a given environment in 
detail [3]. Additionally, it enables hydrologists and resources managers to evaluate water balance at 
different space and time scales and to define the water reservoir available in a given area for different 
water uses [4]. 
There are a great number of equations for estimating the potential ET, but the international scientific 
community has accepted the Penman-Monteith equation, recommended by the United Nations Food and 
Agriculture Organization (FAO) and the World Meteorological Organization (WMO), as the most precise 
for its good results compared with other equations in various regions of the world [5, 6]. The Penman-
Monteith equation has an advantage over many other equations because it can be used globally without 
any local calibrations due to its physical basis. It can also be used to estimate the potential ET from 
weather data for different time intervals in the range of one hour to a month [1]. Theoretically, when 
hourly weather data are available and when large changes in vapor pressure, wind speed, or cloudiness 
occur in a day, the estimation of ET on an hourly time step may produce the best results. Many studies 
indicated the superiority of the Penman-Monteith equation for estimating the hourly ET [1, 6-10]. 
The real ET can be measured by lysimeters. Weighting lysimeters, measuring ET directly through 
changes in mass, is the most convenient way to quantify ET [11]. Such manual lysimeters have been used 
to determine periodic water use for a variety of plants grown in small containers [12]. McKeon et al. [13] 
developed a hand truck with a load cell for manual measurements of single containers up to 250 kg. Owen 
et al. [14] automated the process for small containers by connecting top loading balances to a data logger 
in a nursery setting. In this study, manual lysimeters were used to measure ET and evaluate the Penman-
Monteith equation at the plateau wetlands.  
The Zoige wetland is one of the largest plateau wetlands in the world and is one of the hotspots for 
biodiversity, climate change and endangered species. The Zoige wetland has a large area of high-quality 
grasslands, serving as the fifth largest livestock base in China, and it is also the major water source to the 
headstream of the Yellow River [15]. However, since the 1960s, the Zoige wetland has suffered severe 
ecosystem degradation due to global warming and unwise use of wetland resources, including ditching for 
grassland enlargement, peat exploitation and overgrazing [15], which led to the decline of the water level. 
The hydrophytes disappeared gradually, and mesophytes invaded and became dominant. 
These changes of surface water levels and vegetation made a difference in the potential and the real ET 
in the Zoige wetland. The objectives of this study are to comparatively study the variation of the hourly 
ET estimated by the FAO Penman-Monteith equation and measured by the weighting lysimeters, as well 
as to study change characteristics of ET in blocks with different surface water levels during vegetation 
growth periods. 
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The meteorological variables, including air temperature, humidity, wind speed and barometric pressure, 
were used as input to the Penman-Monteith equation, and were synchronously measured by an automatic 
digital weather station (AWS) (Kestrel 4200, US). All variables were acquired at 15-minute intervals and 
stored as one-hour averages by a data logger. AWS was made on an hourly time scale. The net radiation 
(Rn) data were obtained from the National Meteorological Information Center, China Meteorological 
Administration. The soil heat flux density (G) equates 0.1Rn during the day time period [16]. In order to 
calculate conveniently, Rn was averaged by the hourly data. 
The weighting lysimeters were established to measure the real ET. Each lysimeter soil tank was 
23.5cm in diameter and 48cm in depth. The clod in the container was kept in the same condition as the 
rest of the sample plot. The lysimeter could make a complete hydrological balance and evaluate water 
losses. The mass of each lysimeter was sampled at a frequency of 1 hour. Changes in lysimeter mass were 
measured by a platform scale in pounds. It was converted to mass in kilogram and then to water depth 
(mm) per unit area. The hourly real ET was determined as the difference between lysimeter mass losses. 
The field work was carried out for 9 days during the early growth stage (i.e. June), peak growth stage (i.e. 
August) and last growth stage (i.e. September) of 2009. Five samples were collected from each block 
from 8:00 AM to 18:00 PM at the 5th, 15th and 25th of each month. A total of 15 samples were collected 
from each of the three blocks for the real ET measurement in every vegetation growth stage.  
2.2. FAO Penman-Monteith equation 
The modified Penman-Monteith equation, presented first by Allen et al. [5] has been accepted 
universally for the potential ET estimation. It is widely used in agricultural research, irrigation projects 
and other field practices and research. The FAO Penman-Monteith equation for the hourly time step is:  
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where ETP-M  is the potential evapotranspiration (mmh-1); △  the saturation slope vapour pressure curve at 
Thr (kPa℃-1); Rn the net radiation (MJm-2h-1); G the soil heat flux density (MJm-2h-1); γ the psychrometric 
constant (kPa℃-1); Thr the mean hourly air temperature (℃); U2 the average wind speed (ms-1); es-tr the 
saturation vapour pressure at Thr (kPa); and ea the average hourly actual vapour pressure (kPa). 
The saturation slope vapour pressure curve (△ ) at Thr is: 
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The psychrometric constant (γ) is determined as: 


Pc p
                                                                 (3) 
where cp is the specific heat capacity of air，cp =1.013×10-3 MJ·kg-1·℃-1; P the atmospheric pressure 
(kPa); λ the latent heat of vaporization, and λ=2.45 MJ·kg-1 is recommended; ε the molecular mass ratio of 
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water and air, value for 0.622. cp characterizes the amount of heat required to change air temperature by a 
given amount. It is directly proportional to the amount of substance it contains. 
The actual vapour pressure (ea) is determined as: 
 
100
hr
hrhrsa
RHTee                                                                                (4) 
where RHhr is the average hourly relative humidity (%), the saturation vapour pressure at Thr (es-tr) is 
calculated from: 
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where es-tr is the saturation vapour pressure at Thr (kPa), and Thr the mean hourly air temperature (℃). 
3. Results and discussion 
3.1. Hourly real ET and potential ET at different growth stages 
Seasonal variations in ET for different vegetation growth stages were estimated by the FAO Penman-
Monteith equation and measured by lysimeters to understand the shift of seasonal water requirements and 
consumptive water use in the three sample blocks. The hourly ET results illustrated two ways (i.e. ETP-M 
and ETlys respectively) in the early growth stage, peak growth stage and last growth stage of 2009 are 
presented in Fig.2. ETP-M and ETlys were obtained by averaging the measurements of all the 15 monitors 
for each block at every growth stage. 
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Fig.2. Hourly ET comparison between results of the FAO Penman-Monteith equation and the lysimeter in the three 
growth stages 
In the early growth stage, the difference between ETP-M and ETlys increased as the surface water level 
became deeper, which were 0.008mm/hr, 0.026mm/hr and 0.036mm/hr, and the ratio of  ETP-M to ETlys 
was 1.02, 1.08 and 1.15 for the block L, M and H, respectively. As shown in Fig.2 (a), ET values 
calculated by the hourly FAO Penman-Monteith equation were always higher than the lysimetric 
measurements for the three blocks.  
In the peak growth stage, the difference between ETP-M and ETlys was 0.065mm/hr, -0.004mm/hr and 
0.105mm/hr, as shown in Fig.2 (b), and the ratio of ETP-M to ETlys ratios was 1.22, 0.99 and 1.41 for the 
block L, M and H, respectively. In the blocks L and H, ETP-M was higher than ETlys, but the reverse 
happened in the block M. This may be partly due to different water consumption during various stages 
of vegetation growth. In the peak growth stage, both the density and the coverage of vegetation in the 
block M are significantly higher than the other two blocks. The differences could be explained by the 
much higher water requirements of vegetation in the block M. 
     In the last growth stage, the situation was different from that of the early growth stage and the peak 
growth stage. ETP-M and ETlys showed a decrease trend with the surface water level increased. The 
downward trend of ETlys was even more apparent than ETP-M (Fig.2 (c)). The value of the difference 
between ETP-M and ETlys was -0.006mm/hr, 0.071mm/hr and 0.088mm/hr and the ratio of ETP-M to ETlys 
was 0.98, 1.37 and 1.46 for blocks L, M and H, respectively. Obviously, the difference between ETP-M 
and ETlys became bigger as the surface water level increased.   
In the three growth stages, the values of ETP-M were generally higher than ETlys, except block M in the 
peak growth stage and block L in the last growth stage. The fluctuation range of ETP-M was smaller than 
that of ETlys, which was 0.006mm/hr in the early growth stage, 0.007mm/hr in the peak growth stage and 
0.052mm/hr in the last growth stage. The potential ET increased in the early growth stage and peak 
growth stage, and the real ET decreased in the early growth stage and last growth stage with the surface 
water level increased. It was notable that both the potential ET and the real ET decreased with increases 
of the surface water level in the last growth stage. 
The results were supported by Vaughan et al. [17], who compared the hourly ET estimates by the 
Penman-Monteith equation with hourly lysimeter observations from five points in California. It suggested 
that the exhausting of water by vegetation was the main part of an hourly ET. Vegetation transpiration 
rates were largely controlled by biological factors such as their size and leaf area index [18]. In the study, 
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environmental factors such as incident radiation, vapor pressure, and wind speed were the same during 
the study period, and the vegetations suffered little soil moisture stress among the blocks L, M and H. As 
a result, transpiration only varied in the three blocks in response to the biological factors. 
3.2. Hourly real ET and potential ET at different blocks 
The air temperature and solar radiation during the growth stages were different. The estimated ET 
showed good agreement with the seasonal variation in energy fluxes. The seasonal variations of ETP-M 
and ETlys for different blocks are shown in Fig. 3. The hourly ET was within the range 0.22-0.36mm/hr, 
and it did not show a simple increase and decrease pattern along the growth stages for three blocks. The 
overall results indicated that ETP-M was the largest for the peak growth stage and the least for the last 
growth stage in all three blocks. However, the values of ETlys showed different tendencies for each of the 
three growth stages in three blocks.  
For the block L, ETP-M and ETlys increased from early growth stage to peak growth stage, while they 
decreased from the peak growth stage to the last growth stage. Furthermore, the variance of ETP-M was 
higher than that of ETlys. ETP-M and ETlys were slightly higher in the peak growth stage than in the case of 
the early growth stage and the last growth stage (Fig. 3 (a)). In block L with no surface water, the 
difference of ETP-M in three growth stages was mainly due to the climatic factors. However, ETlys was 
higher than ETP-M in the last growth stage, which indicated that the vegetation transpiration affected the 
real ET significantly.  
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(c) Block H 
Fig.3. Hourly ET comparison between results of the FAO Penman-Monteith equation and the lysimeter in three 
blocks  
For block M, similar to the result of block L, ETP-M showed a slight variation between the early growth 
stage and peak growth stage, with an increase of 0.018mm/hr. It was different between the peak growth 
stage and last growth stage, with a decrease of 0.058mm/hr. (Fig. 3 (b)). ETlys was highest in the peak 
growth stage and least in the last growth stage, and the difference between the highest value and the 
smallest value was 0.143mm/hr. This could be due to the response of the vegetation growth stage and 
water consumption during the growth stages. The size, density and coverage of vegetation decreased in 
the last growth stage. Thus the variation of vegetation transpiration in the last growth stage was 
significantly smaller than the other growth stages. The potential ET in the last growth stage was 36.7% 
larger than the real ET, compared with 8.0% in the early growth stage. 
For block H, the potential ET was higher than the real ET in three growth stages. The difference 
between ETP-M and ETlys was 0.046mm/hr in the early growth stage, 0.105mm/hr in the peak growth stage 
and 0.087mm/hr in the last growth stage. The variance of ETP-M was 0.013mm/hr between the early 
growth stage and peak growth stage, and 0.084mm/hr between the peak growth stage and last growth 
stage (see Fig. 3 (c)). In block H with deep surface water levels, the vegetation is sparser than that in 
blocks L and M, which leads to vegetation transpiration weakened remarkably. As a result, the real ET 
was smaller than the potential ET for all three growth stages. The difference between the potential ET and 
the real ET was highest in the peak growth stage, which was more than 40% over the real ET. 
Furthermore, the real ET decreased with the surface water level increased. However, in theory, the real 
ET in the peak growth stage should be higher than that in the other two stages. This was partly due to the 
vegetation transpiration which decreased as the water level became deeper. As a result, the total of the 
real ET decreased with the increase of water level. 
In all blocks, the potential ET was highest in the peak growth stage, and least in the last growth stage. 
And it was higher than the real ET except during the last growth stage in block L and the peak growth 
stage in block M. The difference of seasonal ET enabled us to understand the role of vegetation 
transpiration. However, the environmental factors, such as incident radiation, vapor pressure, wind speed, 
and soil moisture availability besides rainfall, have a greater influence on the potential ET in the peak 
stage than that in the last growth stage. 
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4. Conclusions 
The study compared the hourly real ET and the potential ET during different vegetation growth stages 
in the Zoige wetland, Sichuan Province, China. The real ET was measured by weighting lysimeters, and 
the potential ET was estimated by the FAO Penman–Monteith equation. The results showed that the FAO 
Penman–Monteith equation can be well used to estimate the hourly ET in the Zoige wetland when 
correlative weather data are available. The potential ET is generally higher than the real ET during the 
studied period. The hourly potential ET increased slightly with the surface water level increase in the 
early growth stage and the peak growth stage, and it was generally higher in the peak growth stage than 
that of other growth stages for all blocks. But it showed the opposite tendency for the last growth stage. 
The hourly real ET decreased as the surface water level increased in the early growth stage and the last 
growth stage, and it was higher in the peak growth stage than in the other two growth stages for blocks L 
and M. Both of the real ET and the potential ET were decreased with water level increased in the last 
growth stage. The ratio of ETP-M to ETlys increased with the water level increased in the early growth stage 
and last growth stage. However, it was different in the peak growth stage.  
Our data showed that the hourly ET varied in response to the seasonal variations of vegetation 
physiological features, especially in the last growth stage. The ET increased with the increase of size, 
density and coverage of vegetation and reached peak rates in the peak growth stage. The seasonal 
variation of the hourly ET was also controlled by the variations of climatic factors. 
In order to evaluate the impact of the changes of wetland eco-environment on ET for cold wetlands 
under ecosystem degradation, further research will be performed to study physiological water 
consumption characteristics of the vegetation. Also, we will extend the application of the FAO Penman-
Monteith equation to other cold wetlands where climate change plays an important role in the water cycle. 
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